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Abstract – In Réunion Island, expanding human populations, urbanization and agriculture during the last 50 years have all contributed to a
steady increase in the level of nitrates in drinking water. Various nitrate point sources are responsible for the nitrate contamination around
the island including chemical fertilizers, animal eﬄuent applied to pasture and crops, and urban waste such as sewage and domestic waste
water. In terms of agricultural fertilizers, pig eﬄuent is the most widely used, but the cumulative eﬀects of slurry applications on soil water
and groundwater are unknown. Our objectives were (1) to characterize and follow in situ the fate of nitrogen through the subsurface after
application of pig eﬄuent onto a cultivated soil using stable nitrate isotopes, δ15N and δ18O, and (2) to compare the isotopic signatures of
Réunion Island’s principal aquifers with results from the experimental site to infer potential contamination sources. The study was conducted
on an experimental field site planted with maize in the western part of Réunion Island during the rainy season. A control site with no fertilizer
application to the maize was compared with the investigation site which had pig eﬄuent applied once a year. The site which had pig eﬄuent
applied over one year had an average maximum surface soil water 15N-NO−3 value of +9.0% at 0.45 m depth. This signature was significantly
more enriched in 15N than the corresponding subsurface soil water 15N-NO−3 value of +3.8% at 10 m depth. The control site average maximum
surface soil water 15N-NO−3 value of +3.6% at 0.45 m is similar to the subsurface pig eﬄuent application plot. This indicates that nitrates
derived from pig eﬄuent have not reached 10 m depth in the subsurface, even though over the last 18 months this site was subjected to two
eﬄuent applications, each around 200 kg N ha−1, and more than 1900 mm of rain, more than half of which drains directly into the root zone.
This slow migration shows that mobilization of nitrates through cultivated soil can take many tens of years before infiltrating and contaminating
the saturated zone situated at several tens, and in places, hundreds of meters depth. On an island-wide scale, an isotopic assessment of nitrates
from the experimental site’s soil water and other drinking water wells highlights a nitrogenous contamination derived primarily from urban
and/or agriculture via eﬄuent application.
nitrates / nitrogen and oxygen isotopes / pig eﬄuent / groundwater contamination / tropical island
1. INTRODUCTION
Nitrate levels found naturally in groundwater are usually
less than 2 ppm (Davis and Suárez, 1974). However, nitrates
are often associated with intensive applications of synthetic
fertilizers, organic manures or urban waste water. Exces-
sive levels in drinking water can cause serious health prob-
lems or drive eutrophication processes, damaging ecosystems
(Spalding et al., 1993). Maximum allowable nitrate levels
fixed by European regulations are capped at 50 mg L−1. Un-
fortunately, the environmental impact of contaminants rich
in nitrogen on local groundwater quality is poorly known in
small tropical islands, relative to temperate zones (Cameron
et al., 1995; Carey et al., 1997; Dauden and Quilez, 2004;
* Corresponding author: nicolas.payet@univ-reunion.fr
Mantovi et al., 2006, among others). Pollution eﬀects from
modern agriculture and urban growth on small islands infras-
tructures dating from the 1960s onwards are now causing se-
rious concern, due to degradation of drinking water quality
(Duwig et al., 1998; Muñoz-Carpena et al., 2002; Dong-Chan
et al., 2005). Moreover, these contaminants are now appearing
in coastal zones where, particularly in tropical regions, they
aﬀect coral reef ecosystems (D’Elia et al., 1981; Lewis, 1987;
Lapointe et al., 1990; Smith et al., 1990).
In Réunion Island, 48% of all drinking water originates
from groundwater and one-third of these sites have nitrate lev-
els higher than 10 mg L−1 (OLE, 2008). Over the last 30 years,
the nitrate level of Réunion Island’s drinking water has been
increasing, concurrently with population growth, and expand-
ing urbanization and agricultural activities. As agricultural
Article published by EDP Sciences
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Figure 1. Map of Réunion Island’s land use (gray: agricultural area;
black: urban zone). Site location numbers are indicated in Table IV.
Urban and agricultural areas are located primarily around the circum-
ference of the island due to its relief.
development has evolved over the last two decades, there has
been a concurrent increase in the use of chemical fertilizer and
more recently, eﬄuent derived from animal manure on pas-
tures and crops. Réunion Island’s main crop is sugar cane,
which accounts for 50% of the crops planted on cultivated land
around the island (Fig. 1). The distribution of eﬄuent onto
arable soils and crops as organic manure is one of the most
common methods employed to recycle this excess waste.
Even though soil produces, and hence already contains
nitrogen, the use of nitrogen isotopic tracers is usually the
only way to follow the action and fate of introduced fertil-
izers (Smith et al., 1990). Sugar cane is usually fertilized with
synthetically made nitrogen fertilizers, and occasionally ani-
mal eﬄuent. Identification of the nitrogen’s origin is possible
due to the relative δ15N diﬀerence between atmospherically-
derived chemical fertilizers and soil nitrogen. Waste water and
animal waste can also be distinguished (Fig. 2) from other
sources of nitrate on the basis of their elevated δ15N values,
derived from fractionation and enrichment of organic nitrogen
during the ammonification process, which precedes nitrifica-
tion (Hubner, 1986).
Synthetic chemical fertilizers generally exhibit relatively
low δ15N values between −8 and +5% (Kendall, 1998) as
they are synthesized directly from atmospheric nitrogen. Soil
nitrate, formed by natural oxidation of organic material, gen-
erally shows δ15N values ranging between +3 and +6%
(Kendall, 1998) and lies between chemical fertilizers and
waste water/animal manure. However, it can be diﬃcult to
diﬀerentiate between natural soil nitrate and human and ani-
mal waste (Fig. 2). The use of nitrogen isotopes is often insuf-
ficient to resolve this overlap, as clearly indicated by Kellman
and Hillaire-Marcel (2003). Moreover, δ15N values of vari-
ous sources can be modified by denitrification processes which
enrich the δ15N values of the residual nitrates (Böttcher et al.,
1990). On the other hand, plant consumption of nutrients has
little eﬀect on soil nitrogen fractionation (Mariotti et al., 1981;
Hubner, 1986). Hence, the dual use of nitrogen (δ15N-NO−3 )
and oxygen (δ18O-NO−3 ) isotopes to identify the origin of ni-
trates (Fig. 2) appears to be more eﬀective than δ15N alone
(Kendall, 1998; Kendall and Aravena, 1999; Silva et al., 2002).
In theory, for every three oxygen atoms present in a nitrate
molecule formed via nitrification, two come from water and
one from atmospheric oxygen (Böttcher et al., 1990). Nitrates
therefore exhibit two distinct isotopic signatures: (i) that of ni-
trogen, and (ii) that of the in situ water present at the time of
nitrate formation during nitrification. The initial isotopic ra-
tio is subsequently changed by a specific isotope fractionation
owing to denitrification. The enrichment of the heavier nitro-
gen isotope is about twice as high for oxygen (ratio of ≈ 1:2)
and agrees well with other studies (Böttcher et al., 1990).
The study objectives were twofold: (i) to characterize and
follow in situ the fate of nitrogen through the subsurface after
application of pig eﬄuent onto a cultivated soil using stable
isotopes (δ15N and δ18O) of the nitrates, and (ii) to compare
the isotopic signatures of Réunion Island’s principal aquifers
with results from the experimental site to infer potential con-
tamination sources.
2. MATERIAL AND METHODS
2.1. Site description
The study was conducted at Colimaçons experimental field
station, located in the western part of Réunion Island (21◦7’
S, 55◦18’ E, 780 m above sea level) (Fig. 1) during the
2004–2005 austral summer. Réunion Island’s climate is tropi-
cal, with a hot and humid season during December and April,
and a dry season between May and November. The soil hori-
zon is more than 2 m thick, and is an andic cambisol according
to Feder and Findeling (2007). Subsoil consists of lava flows
(hawaïte), which has varying levels of compacted fractures and
weathering (ancient scoria).
2.2. Experimental site
From 2002 onwards, maize (a local open-pollinated vari-
ety) was grown on the experimental site, which had previously
been uncultivated since 1983 with only natural rainwater irri-
gation. Two plots which had no fertilizer applied for the last
19 years were investigated at the site; a control plot of 570 m2
which was not fertilized during the study, and another plot of
620 m2 which had an annual application of pig eﬄuent slurry
(Sus scrofa) during the two-year study. The first eﬄuent appli-
cation occurred in October 2003, and a second in November
2004. Each application corresponded to around 200 kg N ha−1
with the majority of nitrogen as ammonium (76% in 2003
and 89% in 2004) and occurred three weeks before the maize
was sown at the rate of 64 m3 per hectare. The bulk nitro-
gen isotopic signature of the pig eﬄuent was analyzed in
2004 (δ15N = +11.3%) and corresponds to literature values
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Figure 2. Typical range of δ18O and δ15N values of nitrate from various sources (from Kendall, 1998). Nitrate isotopic signatures from the
experimental site (soil and subsoil) and groundwater nitrates from Réunion Island. Soil and subsoil water from the control site appear depleted
in 15N relative to water from the fertilized plot and Réunion’s groundwaters. These drinking waters have isotopic values which lie between two
end members; Grand Coin and Basse Vallée. Grand Coin corresponds to groundwater which has infiltrated an intensive cattle farming region,
whereas Basse Vallée represents a pristine forested zone.
(Kendall, 1998). The maize was harvested each year at the end
of March. The dry weight yield was 8.4 T ha−1 and 13 T ha−1
for the control plot and pig eﬄuent plot, respectively.
Two lysimeters were installed vertically into the soil surface
at a depth of 0.45 m in the ground, each equipped with a porous
suction cup. An experimental pit was dug downstream of each
experimental plot to a depth of 10 m. Two lysimeters equipped
with porous suction cups were inserted into the subsoil at 10 m
depth horizontally (with a very slight incline) to a depth of
3 m into the altered bedrock wall of each pit under each site
(Fig. 3). Lysimeters were subjected to a vacuum of −70 hPa for
24 h prior, and allowed monthly collection of soil and subsoil
water when there was suﬃcient moisture. Sampling occurred
from January to April for soil samples, and February to April
for the subsoil samples (which accounts for the lower number
of subsoil samples). Drinking waters were sampled directly
from wells in June 2005, at the end of the rainy season. Rain-
water was captured in a closed container with a layer of min-
eral oil in the rain collector to prevent evaporation. Analysis
of the isotopic composition of rainwater (δ18O-H2O and δ2H-
H2O) was carried out on cumulative monthly rainfall samples.
The large time variability in δ18O rainwater (Tab. I) requires
weighted mean averages according to rainfall. An example
of calculation of δ18OWM for the period 26/11/04 to 27/04/05
(Tab. I) is:
δ18OWM = (−6.68) ×
(
250 + 36
36 + 250 + 109
)
+ (−3.39)
×
(
109
36 + 250 + 109
)
. (1)
where WM: weighted mean.
Experimental site cross section 
Figure 3. Experimental site cross-section. Lysimeters were installed
vertically into the soil surface of a plot cultivated with maize, at a
depth of 0.45 m in the ground and each equipped with a porous suc-
tion cup. An experimental pit was dug downstream from each experi-
mental plot to a depth of 10 m. Two lysimeters equipped with porous
suction cups were inserted into the subsoil at 10 m depth horizontally
to a depth of 3 m into the altered bedrock wall of each pit under each
site.
2.3. Analytical method
The nitrogen content and isotopic composition of dried
pig eﬄuent were analyzed in triplicate at the Stable Isotope
Laboratory (GNS Science) using a Europa Geo 20/20 (PDZ
Europa Ltd., UK) isotope ratio mass spectrometer, interfaced
to an ANCA-SL elemental analyzer in continuous flow mode
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Table I. Values of isotopic composition of rainfall (%) from the field
station measured on several diﬀerent dates. R is the cumulative rain-
fall between two dates.
Date R (mm) δ18O-H2Orain δ18O WM
26/11/2004 - - -
08/12/2004 36 -1.9 -1.9
05/01/2005 250 -7.4 -6.7
04/02/2005 109 -3.4 -5.8
23/02/2005 293 -6.8 -6.2
23/03/2005 335 -6.4 -6.3
27/04/2005 95 -10.6 -6.6
Total 1118
(EA-IRMS). Standards and blanks were included during each
run for calibration. The analytical precision of the measure-
ments is ±0.2%, and the reproducibility of the results is
within ±0.3% for nitrogen (2σ).
The nitrate concentration of water recovered from both the
shallow soil and deep subsoil lysimeters was determined us-
ing ion chromatography (Dionex DX 100). Oxygen isotopes
from water (δ18O-H2O) were determined by an automated wa-
ter equilibration machine (WES), coupled to a dual inlet Geo
20–20 mass spectrometer (PDZ Europa Ltd. UK). 1 mL of wa-
ter was equilibrated in 6.5 mL ‘Exetainers’ (Labco Ltd UK)
with CO2 for 8 h at 50 ◦C. Internal laboratory standards are
calibrated to international standards, V-SMOW and V-SLAP,
and are used in each run, before and after every 8 samples. An-
alytical precision, determined by using laboratory standards, is
±0.15% for δ18O (2σ).
Oxygen and nitrogen isotopes of the nitrate (δ18O-NO3 and
δ15N-NO3) derived from water were analyzed using the bac-
terial conversion method at Reston Stable Isotope Laboratory
(USGS). Analytical error is 0.5% for δ15N and 1.0% for δ18O
(2σ). All stable isotope ratios are expressed in the usual delta
per mil (%) notation relative to the respective international
standards:
δsample(%¸) =
[
(Rsample/Rstandard) − 1
]
× 1000 (2)
where R is the 15N/14N or 18O/16O of the sample and stan-
dard, respectively. The internationally recognized standard for
nitrogen is atmospheric N2 gas, which, by definition, has a per
mil value of 0, and for oxygen is Standard Mean Ocean Water
(V-SMOW).
It is possible to calculate the theoretical δ18O value of the
initial water (Böttcher et al., 1990) from the δ18O-NO3 value
by using the equation:
δ18O − NO3 = 2/3 δ18O-H2Otheoreticalrainwater + 1/3δ18Oair (3)
where δ18Oair = + 23.5 % according to Kroopnick and Craig
(1972).
3. RESULTS AND DISCUSSION
This study reports the in situ fate of nitrogen through the
topsoil to the subsurface after application of pig eﬄuent onto
a cultivated soil using stable isotopes and compares the results
with nitrates found in Réunion Island’s principal aquifers.
3.1. Evolution of nitrate concentration
in soil and subsoil
3.1.1. Control plot
During this investigation, we found that nitrate levels of
soil water sampled at 0.45 m vary between 6.6 mg L−1 and
49.1 mg L−1 (Tab. II). These levels correspond to natural ni-
trate production via mineralization of organic soil material,
which can dominate particularly in summer, when tempera-
tures are between 21 and 30 ◦C, and soil humidity is up to 55
to 60% due to heavy rainfall (Payet et al., 2009). It was not
possible to acquire subsoil water samples at 10 m depth due to
the fractured nature of the rock, which did not retain water.
3.1.2. Pig eﬄuent plot
In soil water sampled from 0.45 m, our results show el-
evated nitrate levels, ranging between 100.5 and 281.1 mg
NO−3 L
−1 (Tab. II), and are considerably higher than the con-
trol plot. These levels are most likely attributed to nitrification
of eﬄuent applied in October 2003 and November 2004. In
contrast, corresponding subsoil nitrate levels (Tab. III) are sig-
nificantly lower, 1.1 to 12.6 mg NO−3 L
−1
, than those recorded
in the soil. Therefore, it is likely that nitrates derived from ef-
fluent nitrification have not penetrated through the subsurface
to the subsoil lysimeter at 10 m depth after two consecutive
fertilizer applications. Isotopic analyses of the in situ nitrates
will enable confirmation of this hypothesis in Section 3.3.
3.2. Water isotopes
Isotopic composition of δ18O-H2O versus δ2H-H2O, de-
rived from rainfall between December 2004 and April 2005,
as well as water samples recovered from lysimeters in the soil
at 0.45 m and subsoil at 10 m at both sites correlate with the
global meteoric water line (R2 = 0.95). This correlation be-
tween soil and subsoil waters which lie on the meteoric water
line suggests that water percolating through soil and subsoil
does not undergo any significant evaporative processes (Craig,
1961). These results agree well with potential evapotranspira-
tion climate data taken at the field station calculated accord-
ing to Monteith (1981) and are relatively weak, around 2 to
3 mm each day, reported by the French Meteorological Oﬃce
of Réunion Island.
3.3. Source assessment using nitrate δ18O-NO−
3
and δ15N-NO−
3
isotopic signatures
Nitrate isotopic values (δ15N-NO−3 and δ18O-NO−3 ) of soil
and subsoil water, and groundwaters are presented in Figure 2.
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Table II. Nitrate concentration (mg L−1) and isotopic composition (%) of nitrate and water measured in soil at 0.45 m below the control plot
(CP) and pig eﬄuent plot (PEP). N.B.: trw is theoretical δ18O rainwater expressed in %.
NO3 δ15N-NO3 δ18O-NO3 δ18O-H2O soil δ18O-H2O trw
Date CP PEP CP PEP CP PEP CP PEP CP PEP
12/01/2005 12.8 202.0 +3.0 +6.9 +2.2 +5.8 –2.8 –3.6 –8.5 –3.0
17/02/2005 49.1 176.4 +3.2 +7.5 +5.4 +6.7 –4.9 –4.5 –3.7 –1.7
09/03/2005 23.4 281.1 +4.6 +10.8 +5.7 +7.0 –5.7 –4.8 –3.2 –1.3
30/03/2005 6.6 200.2 +3.7 +10.8 +3.3 +8.0 –5.3 –5.2 –6.8 +0.2
27/04/2005 11.2 100.5 +3.5 - +2.6 – –5.8 –5.5 –7.9 –
Mean 20.6 192.0 +3.6 +9.0 +3.8 +6.8 –4.9 –4.7 –6.0 –1.5
Table III. Nitrate concentration (mg L−1) and isotopic composition (%) of nitrate and water measured in the subsoil at 10 m below the pig
eﬄuent plot (PEP).
NO3 δ15N-NO3 δ18O-NO3 δ18O-H2O δ18O-H2O trw
Date PEP PEP PEP PEP PEP
19/02/2005 1.1 * * +5.5 *
09/03/2005 4.0 +4.7 –1.7 +5.7 –14.3
01/04/2005 12.6 +3.5 –2.3 +5.7 –15.2
27/04/2005 3.0 +3.2 –4.1 +5.7 –18.0
Mean 5.2 +3.8 –2.7 +5.7 –15.8
NB: “trw” is the theoretical δ18O rainwater expressed in %. * No isotope analysis.
Our results show soil nitrate δ15N values from the control plot
at 0.45 m depth are significantly less than those of the pig ef-
fluent plot. Soil nitrate δ15N values from the control plot range
between +3.0 and +4.6%, with an average of +3.6%, com-
pared with +6.9 to +10.8%, with an average of +9.0% from
the pig eﬄuent plot (Tab. II). The control plot results confirm
the absence of applied fertilizer and that these nitrates are de-
rived from a natural soil mineralization process (Heaton, 1986;
Aravena et al., 1993), as is shown in Figure 2 (Kendall, 1998).
The nitrate isotopic composition of soil water from the pig ef-
fluent plot has an isotopic signature approaching that of the
applied pig eﬄuent, i.e. +11.3%, consistent with the eﬄuent
applications carried out on this plot.
Nitrates extracted from soil water sampled during March
and April show more positive δ15N values than those sampled
in January and February (Fig. 4). Considering that soil water
samples are taken at 0.45 m, this increase is consistent with
surface leaching of nitrate from pig eﬄuent comprising higher
δx5N values, i.e. +11.3%. The vertical leaching rate can be
estimated to be approximately 0.45 m for every 1 m of rain
falling during the study period (Payet et al., 2009). Increas-
ing δ15N-NO−3 and δ18O-NO−3 isotopic values from February
onwards (Tab. II) can potentially be attributed to denitrifica-
tion processes due to warmer, humid weather in these months.
This process preferentially consumes the lighter 14N isotope,
leaving the residual nitrate enriched in 15N. A linear regression
obtained using the four points from the nitrate isotopic anal-
yses confirms a hypothesis of denitrification (Böttcher et al.,
1990). In eﬀect, the direct coeﬃcient of this regression from
18O/15N is 0.35, close to 1/2. Measurement of total soil nitro-
gen shows a large N loss during February to March 2005 of
around 150 kg N ha−1 which is associated with higher rainfall
during this summer period. This reduction is not associated
with nitrate lixiviation or nitrogen uptake by the maize (Payet
et al., 2009), and strongly suggests denitrification processes
induced by microbial activity, which prefers very humid soil
conditions, higher temperatures and soil rich in organic matter.
In the pig eﬄuent plot, subsoil at 10 m depth has an aver-
age δ15N-NO−3 value of +3.8%. This contrasts significantly
with the pig eﬄuent plot δ15N-NO−3 value of +9.0% from
the soil at 0.45 m, but is close to the δ15N-NO−3 value of
+3.6% obtained for the control plot soil at 0.45 m. It is likely
that eﬄuent-derived nitrates have not penetrated down to the
lysimeter sampling depth at 10 m in the subsoil, even though
there were two eﬄuent applications, and more than 1900 mm
of rain, more than half of which drained directly into the root
zone during the 18 months of the study. This can also be ex-
plained by the anion retention of andesitic soils which slow
the nitrate flux relative to the water flux (Shoji et al., 1993;
Reynold-Vargas et al., 1994; and Katou et al., 1996).
Although this study aims to understand the migration of ni-
trates in the subsoil, it appears the nitrates are found in very
low concentrations at 10 m depth, and do not display an iso-
topic signature similar to the pig eﬄuent applied 18 months
earlier. This demonstrates that the vertical migration of nitrates
is extremely slow in the soils and subsoils of Réunion Island.
3.4. Origin of δ18O in nitrates
Our study shows soil water δ18O-NO−3 values of the control
plot are diﬀerent from those of the pig eﬄuent plot: δ18O-NO−3
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Figure 4. Nitrate δ15N and δ18O values (%) derived from soil and subsoil water. Nitrates derived from the pig eﬄuent-fertilized subsoil exhibit
similar 15N values to natural soil mineralization of the control plot. However, nitrates found in the surface soil of the pig eﬄuent-fertilized
plot are enriched in 15N, as they are derived from the nitrification of the pig eﬄuent spread over this plot. Isotopic variations between samples
taken in January/February and those taken in March/April are attributed to denitrification. Subsoil nitrates from the pig eﬄuent-fertilized plot
are depleted in 18O relative to surface soils, as they were most likely formed several years earlier, and are derived from 18O-depleted rainwater,
such as that produced by cyclones.
values range between +5.8 and +8.0% with an average of
+6.9% for the pig eﬄuent plot, while the control plot has
lower δ18O-NO−3 values ranging between +2.2 and +5.7%,
with an average of +3.8% (Tab. II). The two plots received
the same amount of rainfall, characterized by a δ18O isotopic
mean weighted value of around −6.6% over the period of the
study from December 2004 to April 2005 (Tab. I). Soil wa-
ter δ18O-H2O values of the control plot and pig eﬄuent plot
at 0.45 m are very similar: −4.9% and −4.7%, respectively
(Tab. II), and are slightly enriched relative to precipitation dur-
ing this study which has δ18O-H2OWM of -6.6% (Tab. I). The
enrichment of soil water is most likely due to mixing of recent
depleted rainwater with older enriched rainwater from previ-
ous rainfall events.
Nitrates derived from the mineralization of reduced nitro-
gen products such as NH4 and NO2 in the unsaturated zone
have two isotopically distinct sources of oxygen (Aleem et al.,
1965; Anderson and Hooper, 1983; Yoshinari and Wahlen,
1985): one-third of nitrate oxygen is usually derived from air
(+23.5%) and two-thirds from rainfall. Therefore, the vari-
ability of the nitrate oxygen isotope derived from nitrification
of ammonium-rich eﬄuent depends on the isotopic compo-
sition of meteoric water. Taking into account diﬀerences be-
tween the pig eﬄuent site which has a δ18O-NO3 value of
+6.9%, and the control site which has a δ18O-NO3 value of
+3.8%, it appears in the present case that the nitrates are
formed from diﬀerent rainfall events. In Réunion Island, the
variability of the isotopic composition of rainfall can change
significantly, even in the same location, notably during a cy-
clone event (Nicolini et al., 1989). The isotopic composition of
soil water which could have formed the nitrate δ18O according
to the process outlined above can be calculated (Tab. II) from
equation (3).
We calculate soil from the control plot (Tab. II) has an av-
erage theoretical rainfall δ18O value (Eq. (2)) of −6.0%. It
is close to the weighted mean δ18O value of −6.6%, which is
the rain which fell during the period of the experiment (Tab. I).
The oxygen isotopic signature of nitrate from the control plot
soil at 0.45 m depth therefore reflects the isotopic signature of
its precipitation. These nitrates are generated continuously in
the shallow soil, along with other soil mineralization processes
of the organic matter.
In contrast, the pig eﬄuent plot has an average theoretical
rainfall δ18O value (Eq. (2)) of −1.5% (Tab. II), which is con-
siderably more enriched in comparison with the recent rainfall
δ18O value of −6.6% (Tab. I). We suggest that nitrates were
rapidly “formed”, in a matter of several weeks after eﬄuent
application (three weeks according to Morvan et al., 1997), as
there was a period of isotopically light rainfall with δ18Orain
values of −1.9% at the beginning of December 2004 (Tab. I)
which fell immediately after eﬄuent application (Fig. 5).
Moreover, we notice a strong contrast between δ18O-NO−3
from pig eﬄuent plot soil ranging from +5.8% to +8.0%,
and pig eﬄuent plot subsoil ranging from −4.1% to −1.7%
(Fig. 4, Tabs. II and III). Two possibilities of interpretation are
considered.
• If we consider that the ratio of oxygen incorporation from
H2O and O2 is 2:1 (Eq. (2)), then the δ18O-NO−3 subsoil val-
ues of the pig eﬄuent plot could be explained by two pos-
sible interpretations: (i) the δ18O-NO−3 subsoil values would
correspond to a δ18O-H2O theoreticalrainwater value of −14.3 to
−18.0% (Tab. III). This suggests very depleted 18O rain-
fall derived from cyclonic events of previous years, i.e.
Dyna cyclone, January 2002; (ii) there is significant iso-
tope fractionation during the incorporation of oxygen from
H2O and O2 into the newly formed nitrate.
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 tolp tneulffe giP tolp lortnoC  
δ18O-NO3- +3.8‰ 9.6+ ‰
   
                           δ18O-NO3 = 2/3 δ18O-H2O theoretical rain water (trw) + 1/3 δ18Oair
   
δ18O-H2Otrw -6.0‰ 5.1- ‰
       Close to                              Close to 
δ18O-rain WM (-6.62‰) δ18O of rainfall following  the month of  
pig slurry application (-1.9‰)
Continuous nitrate production 
from soil organic matter 
 Nitrates are rapidly “formed” (less than three weeks 
after pig effluent application)  
where δ18Oair = + 23.5‰; WM: weighted mean 
Figure 5. Formation of oxygen isotopes in nitrates by rainwater. Using 18O values of soil nitrates and monthly rainwater, it is possible to
determine when nitrates are formed in the soil.
Or,
• The ratio is not 2:1 (Aravena et al., 1993; Kendall et al.,
1995; Wassenaar, 1995; Böhlke et al., 1997; Kendall,
1998; Mayer et al., 2001). If we assume a δ18O-HO value
of −5% in precipitation corresponding to 800 m asl
(Nicolini et al., 1998), the ratio explaining the isotopic val-
ues of δ18O-NO−3 subsoil water would be 5:1 and not 2:1.
3.5. Application to some Réunion Island’s aquifers
Nitrate isotopic compositions of 15 fresh water wells were
sampled in June 2005 (Rogers et al., 2009) from around Réu-
nion Island and are presented in Figure 2 and Table IV. The
wells encompass a variety of diﬀerent geological and cli-
matic zones, and are exposed to varying land use (Fig. 1 and
Tab. IV). Values obtained from the experimental control plot
and pig eﬄuent plot are also reported in Figure 2. Rogers et al.
(2009) show that drinking water extracted from wells has ni-
trate levels ranging from 0.7 to 85.3 mg NO−3 L−1 (Tab. IV).
According to Kendall (1998, Fig. 2), the majority of these
wells have an isotopic composition which lies within the ma-
nure and septic waste zone, and soil nitrate zone, with two
end members; Grand Coin, reflecting severe contamination
from organic manure or animal eﬄuent, and a high quality
drinking water from “Basse Vallée”. The Basse Vallée ground-
water lies in an overlapping region (Fig. 1), between natu-
ral soil nitrate and nitrate derived from chemical fertilizers,
but it could be considered as a natural end member because
of lack of surrounding agricultural activity. The Grand Coin
well (located 1100 m above sea level) exploits an underground
perched aquifer at a depth of around 100 m below the surface.
In the region, pig and poultry farming and market gardening
are well developed, and eﬄuents derived from farming are
used extensively as fertilizers. The results from our study show
that nitrates of Réunion Island’s fresh water wells have similar
isotopic values to soil waters from the pig eﬄuent plot from
the experimental site (Fig. 2). This suggests that the majority
of drinking waters from Réunion Island are aﬀected by at least
some level of nitrate contamination derived from human or an-
imal waste. Therefore, chemical fertilizers are not considered
to have a significant contribution to the nitrate signatures of
Réunion Island’s drinking water.
4. CONCLUSION
Our results show nitrates produced naturally in soil by min-
eralization of soil organic matter were isotopically depleted
(mean δ15N-NO−3 = +3.6%, mean δ18O-NO−3 = +3.8%)
compared with nitrates derived from the nitrification of pig
eﬄuent (mean δ15N-NO−3 = +9.0%, δ18O-NO−3 = +6.8%).
We show that the experimental site control plot has δ18O-NO3
close to the δ18O of precipitation, as nitrates are continuously
produced from soil organic material. Concurrently, the experi-
mental site pig eﬄuent plot has δ18O-NO3 close to the δ18O of
rainfall in the month following application, as they form from
rapid nitrification of ammonia from pig eﬄuent three weeks
after application.
The site which had pig eﬄuent applied attained an aver-
age maximum surface (0.45 m) soil water 15N-NO−3 value
of +9.0%. This signature was significantly more enriched
in 15N than the corresponding subsurface (10 m depth) soil
water 15N-NO−3 value of +3.8%. The control site surface
(0.45 m) soil water 15N-NO−3 value of +3.6% is similar to
the subsurface pig eﬄuent application plot. This indicates ni-
trates derived from pig eﬄuent have not reached the subsur-
face (10 m depth), even though over the last 18 months this
site was subjected to two eﬄuent applications, each around
750 N. Payet et al.
Table IV. Altitude, nitrate concentration (mg L−1) and isotopic composition (%) of nitrates measured at several pumping wells and springs of
Réunion Island (June 2005) from Rogers et al. (2009). Land use: A: agriculture; U: urban; M: mixed.
Name (number) Origin Altitude (m) NO3 δ15N-NO3 δ18O-NO3 Land use
Les Cafés (1) Drilled well 73 13.6 +7.7 +6.7 M
Blanche (2) Spring 250 4.6 +7.4 +2.8 A
Denise (3) Spring 210 5.5 +8.9 +3.4 A
Salette (4) Drilled well 81 20.7 +6.8 +4.9 A
Fargeau (5) Drilled well 530 27.9 +10.5 +5.3 U
Leveneur (6) Spring 774 11.7 +8.5 +8.3 A
Coco CGE (7) Drilled well 69 10.7 +9.5 +4.0 M
Grand Coin (8) Drilled well 1066 85.3 +14.2 +5.2 A
P11 (9) Drilled well 37 16.2 +7.8 +2.0 M
Hermitage (10) Drilled well 51 27.2 +7.4 +3.7 A
Pointe du Gouﬀre (11) Spring 25 12.6 +9.2 +7.0 U
Forage Chaudron (12) Drilled well 26 23.8 +9.6 +4.3 U
Trou d’Eau (13) Spring 5 23.0 +9.1 +3.9 A
Basse Vallée (14) Drilled well 150 0.7 +1.2 +1.3 A
La Plaine (15) Drilled well 74 19.3 +9.5 +2.3 U
200 kg N ha−1, and more than 1900 mm of rain. This empha-
sizes the significantly slow vertical nitrate migration through
Réunion Island’s soils and subsurface structures. Nonetheless,
the vertical nitrate flux through the unsaturated zone is only
delayed, and eventually these nitrates will pollute the unsat-
urated zone and, at some later time, the saturated zone and
its associated aquifer. In conclusion, we determine that the
nitrate contamination found in Réunion Island’s groundwa-
ters exhibits signatures consistent with those derived primar-
ily from urban and/or agriculture via eﬄuent application. Due
to the slow nitrate migration through the soil into the unsatu-
rated subsurface zone, and high level of urbanization over the
last 50 years around the study zone, increasing nitrate levels in
saturated zones from the western and northern regions would
correspond mostly to nitrates produced by urban development.
Acknowledgements: The research was funded by CIRAD, the “Conseil
Régional et le Département de la Réunion”, and by DIREN. The first author is
very grateful to the “Conseil Régional de la Réunion” for providing financial
support for his doctoral fellowship.
REFERENCES
Aleem M.I.H., Hoch G.E., Varner J.E. (1965) Water as the source of oxy-
dant and reductant in bacterial chemosynthesis, Biochemistry 54,
869–973.
Anderson A., Hooper A.B. (1983) O2 and H2O are each the source of
one O in NO−2 produced from NH3 by Nitrosomonas
15N-NMR ev-
idence, FEBS Lett. 64, 236–240.
Aravena R., Evans M.L., Cherry J.A. (1993) Stable isotopes of oxygen
and nitrogen in source identification of nitrate from septic systems,
Ground Water 31, 180–196.
Böhlke J.K., Ericksen G.E., Revesz K. (1997) Stable isotope evidence for
an atmospheric origin of desert nitrate deposits in northern Chile
and southern California, USA, Chem. Geol. 136, 135–152.
Böttcher J., Strebel O., Voerkelius S., Schmidt H.L. (1990) Using isotope
fractionation of nitrate–nitrogen and nitrate–oxygen for evaluation
of microbial denitrification, J. Hydrol. 114, 413–424.
Cameron K.C., Rate A.W., Carey P.L., Smith N.P. (1995) Fate of nitrogen
in pig eﬄuent applied to a shallow stony pasture soil, J. Agric. Res.
38, 533–542.
Carey P.L., Rate A.W., Cameron F.C. (1997) Fate of nitrogen in pig
slurry applied to a New Zealand pasture soil, Aust. J. Soil Res. 35,
941–959.
Craig H. (1961) Isotopic variations in meteoric waters, Science 133,
1702–1703.
Dauden A., Quilez D. (2004) Pig slurry versus mineral fertilization on
corn yield and nitrate leaching in a Mediterranean irrigated envi-
ronment, Eur. J. Agron. 21, 7–19.
Davis S.N., Suárez J.J. (1974) Chemical character of return irrigation wa-
ter in tropical volcanic islands, Environmental Geology 1, 69–73.
D’Elia C.F., Webb, K.L., Porter J.W. (1981) Nitrate-rich groundwater in-
puts to Discovery Bay, Jamaica: A significant source of N to local
coral reefs? Bull. Mar. Sci. 31, 903–910.
Dong-Chan K., HoWan C., KwangSik L., KyungSeok K., YongJe K.,
WonBae P. (2005) Hydrogeochemistry and environmental isotopes
of ground water in Jeju volcanic island, Korea: implications for ni-
trate contamination, Hydrological Processes 19, 2225–2245.
Duwig C., Becquer T., Clothier B.E., Vauclin M. (1998). Nitrate leach-
ing through oxisols of the Loyalty Islands New Caledonia under
intensified agricultural practices, Geoderma 84, 29–43.
Feder F., Findeling A. (2007) Retention and leaching of nitrate and chlo-
ride in an andic soil after pig manure amendment, Eur. J. Soil Sci.
58, 393–404.
Heaton T.H.E. (1986) Isotopic studies of nitrogen pollution in the hydro-
sphere and atmosphere: a review, Chem. Geol. 59, 87–102.
Hubner H. (1986) Isotope eﬀects of nitrogen in the soil and biosphere,
Handbook of environmental isotope geochemistry, Vol. 2, pp. 361–
425.
Katou H., Clothier B.E., Green S.R. (1996) Anion transport involving
competitive adsorption during transient water flow in an Andisol,
Soil Sci. Soc. Am. J. 60, 1368–1375.
Evidence of soil pollution by nitrates derived from pig eﬄuent using 18 O and 15N isotope analyses 751
Kellman L.M, Hillaire-Marcel C. (2003) Evaluation of nitrogen isotopes
as indicators of nitrate contamination sources in an agricultural wa-
tershed, Agric. Ecosyst. Environ. 95, 87–102.
Kendall C. (1998) Tracing sources and cycling of nitrate in catchments,
in: Kendall C., McDonnell J.J. (Eds.), Isotope Tracers in Catchment
Hydrology, pp. 519–576.
Kendall C., Aravena R. (1999) Nitrate isotopes in groundwater sys-
tems, in: Cook P.G., Herczeg A.L. (Eds.), Environmental Tracers
in Subsurface Hydrology, pp. 261–297.
Kendall C., Burns D.A., Silva S.R., Chang C.C.Y., McMahon P.B. (1995)
Sources of variation in the oxygen and nitrogen isotopic composi-
tion of nitrate in soils, AGU Trans. 76, 210.
Kroopnick P.M., Craig H. (1972) Atmospheric oxygen: isotopic compo-
sition and solubility fractionation, Science 175, 54–55.
Lapointe B.E., O’Connel J.D., Garret G.S. (1990) Nutrient couplings
between on-site sewage disposal systems, groundwaters, and
nearshore surface waters of the Florida Keys, Biogeochemistry 10,
289–307.
Lewis J.B. (1987) Measurements of groundwater seepage flux onto a
coral reef: Spatial and temporal variations, Limnol. Oceanogr. 32,
1165–l169.
Mantovi P., Fumagalli L., Beretta G.P., Guermandi M. (2006) Nitrate
leaching through the unsaturated zone following pig slurry appli-
cations, J. Hydrol. 316, 195–212.
Mariotti A., Germon J.C., Hubert P., Kaiser P., Letolle R., Tardieu A.,
Tardieu P. (1981) Experimental determination of nitrogen kinetic
isotope fractionation: some principles illustration for the denitrifi-
cation and nitrification processes, Plant Soil 62, 413–430.
Mayer B., Bollwerk S.M., Mansfeldt T., Hütter B., Veizer J. (2001) The
oxygen isotope composition of nitrate generated by nitrification in
acid forest floors, Geochim. Cosmochim. Ac. 65, 2743–2756.
Monteith J.-L. (1981) Evaporation and surface temperatura, Quarterly J.
Meteorol. Soc. 107, 1–27.
Morvan T., Leterme P., Arsene G.G., Mary B. (1997) Nitrogen transfor-
mations after the spreading of pig slurry on bare soil and ryegrass
using 15N-labelled ammonium, Eur. J. Agron. 7, 181–188.
Muñoz-Carpena R., Ritter A., Socorro A.R., Pérez N. (2002) Nitrogen
evolution and fate in a Canary Islands (Spain) sprinkler fertigated
banana plot, Agr. Water Manage. 52, 93–117.
Nicolini E., Jusserand Cl., Blavoux B., Coudray J., Eberschweiler Ch.,
Mairine Ph. (1989) Appauvrissement en isotopes lourds des pré-
cipitations liées aux cyclones, C.R. Acad. Sci. Paris 309, Série II,
pp. 1255–1260.
Nicolini E., Grûnberger O., Jusserand C., Coudray J. (1998) Seasonal
variations of rainfalls isotopic contents (18O-2H) over an intertrop-
ical humid island (La Réunion, SW Indian Ocean), Hydrology in
the humid tropic environment (Kingston, 17–23 November 1996),
IAHS, 253, pp. 413–420.
OLE (2008) État de la ressource et des usages de l’eau à La Réunion ;
synthèse 2008, Oﬃce de l’Eau; oﬃce@eaureunion.fr.
Payet N., Findeling A., Chopart J.-L., Feder F., Nicolini N., Saint-Macary
H., Vauclin M. (2009) Modelling the fate of nitrogen following pig
slurry application on a tropical cropped acid soil on the island of
Réunion (France), Agric. Ecosyst. Environ. 134, 218–233.
Reynolds-Vargas J.S., Richter D.D., Bornemisza E. (1994)
Environmental impacts of nitrification and nitrate adsorption
in fertilized andisols in the valley central of Costa Rica, Soil Sci.
157, 289–299.
Rogers K.M., Nicolini E., Gauthier V. (2009) A multi-isotopic approach
to the identification of high altitude nitrate sources in drinking wa-
ter in Réunion Island, submitted to J. Contam. Hydrol. (to be pub-
lished)
Shoji S., Nanzyo M., Dahlgren R.A. (1993) Volcanic ash soils: gene-
sis, properties and utilization, Developments in Soil Science, 21,
Elsevier, Amsterdam.
Silva S.R., Ging P.B., Lee R.W., Ebbert J.C., Tesoriero A.J., Inkpen E.L.
(2002) Forensic applications of nitrogen and oxygen isotopes in
tracing nitrate sources in urban environments, Environ. Forensics
3, 125–130.
Smith S.J., Schepers J.S., Porter L.K. (1990) Assessing and managing
agricultural nitrogen losses to the environment, Adv. Soil Sci. 14,
1–43.
Spalding R.F., Exner M.E., Martin G.E., Snow D.D. (1993) Eﬀects of
sludge disposal on groundwater nitrate concentrations, J. Hydrol.
142, 213–228.
Wassenaar L.I. (1995) Evaluation of the origin and fate of nitrate in the
Abbotsford Aquifer using the isotopes of 15N and 18O in NO−3 ,
Appl. Geochem. 10, 391–405.
Yoshinari T., Wahlen M. (1985) Oxygen isotope ratios in N2O from dif-
ferent environments, Nature 313, 780–782.
